Lap joining of the low carbon steel (SPCC: Steel Plate Cold-rolled C) and aluminum alloy 6111-T4 plates was carried out using a defocused YAG laser beam. Precise TEM and TEM-EDX analyses were performed for the intermetallic compound (IMC) layer formed at the welding interface of the lap joint, which was fabricated under the following conditions: (laser power: 3.0 kW, defocus distance: 20 mm, laser traveling speed: 2:17 Â 10 À2 ms À1 ). The IMC layer consisted of very fine granular crystals. The fine IMC crystals with about 500 nm in diameter formed at the interface between IMC layer and solidified A6111 region. In contrast, IMC crystal grains at the central region of the layer were relatively large and the average size was 1 mm. Both TEM-EDX and electron diffraction pattern analyses confirmed that the former is Al 13 Fe 4 and the latter is Al 5 Fe 2 . The greater part of the IMC layer was occupied by Al 5 Fe 2 in the present welding condition. Another ultra fine IMC grains were observed at the interface between the SPCC and IMC layer. The electron diffraction pattern analysis revealed that they were FeAl, Fe
Introduction
Weight reduction of various transportation apparatus is strongly required now for environmental protection and energy saving. 1) Since environmental and energy issues were recognized as indispensable tasks for the automotive industry, various trials for the improvement of fuel efficiency through the weight reduction have been actively carried out. The usage of aluminum alloy is being expanded as one of the methods of weight reduction for various vehicles in these days. [2] [3] [4] The research for hybrid structural parts of steel and aluminum alloy is also being progressed. 5) In this case, development of new welding method for a sound joint is a critical issue. In addition to the solid state joining methods (e.g., diffusion bonding, roll bonding and friction joining), several fusion welding methods such as explosive welding, spot welding and laser welding have been performed in order to obtain the steel/aluminum joint. [6] [7] [8] [9] However, sound joints with acceptable strength have not been obtained yet. This is attributed to the formation of the brittle Fe-Al intermetallic compound (IMC) layer at the steel/aluminum weld interface. 10, 11) In the previous study, the present authors carried out the lap joining using a defocused laser beam for a 1.2 mm thick A6111 aluminum alloy plate and a 1.0 mm thick low carbon steel (SPCC) plate.
12) The defocused laser beam was applied on the upper surface of the SPCC plate and the beam traveled under various welding conditions. When the depth of the molten SPCC pool was maintained at around 90% of the SPCC plate thickness, the selected area near the surface of the A6111 plate was melted and formed a semi-elliptical molten pool. Consequently, the solid SPCC and the molten A6111 came in contact at the interface and joining was achieved through the solid-liquid reaction. The interfacial strength of the lap joint was controlled by the morphology of the Fe-Al intermetallic compound (IMC) layer, and improved strength was obtained when the weld interface was covered with a thin (about 1 mm thick) and continuous IMC layer. Welding conditions, which provided excess heat input, increased the thickness of the IMC layer and caused the formation of needle-like crystals in the A6111 molten pool. X-ray diffraction analysis for the fracture surface of the weld interface revealed that the IMC layer consists of various types of Fe-Al base equilibrium phases (Al 13 Fe 4 , Al 5 Fe 2 , Al 2 Fe, FeAl and Fe 3 Al) and the non-equilibrium Al 6 Fe phase.
Considering the welding condition of the present method which is characterized by rapid heating and cooling in a small localized area, formation of the stable and layered IMC is unexpected. In addition to that, the thickness of the IMC layer in the present study was generally thin and ranged from about 1 to 6 mm. Scanning electron microscope equipped with energy dispersive X-ray analyzer (SEM-EDX) and electron probe micro analyzer (EPMA) were used for analyses for the present IMC layer is not reliable since the IMC layer is thin compared to the beam diameter available in this atomic concentration analysis. Therefore, TEM observation and compositional analysis of the IMC layer using TEM-EDX would be indispensable in order to characterize the IMC layer at the weld interface. In the present study, precise investigation was performed on the IMC layers in the defocused laser beam welded SPCC/A6111 lap joint.
Experimental Procedures

Materials and lap welding
One of the lap joints was selected and subjected to the investigation using TEM. Details of materials and welding conditions were presented in the previous paper.
12) Therefore, just a brief explanation is made about the fabrication condition of the selected specimen, joint E, here. A 1.2 mm thick A6111-T4 aluminum alloy plate and a 1.0 mm thick cold-rolled steel plate (SPCC) were prepared. Both were 125 mm long and 40 mm wide. Chemical compositions of A6111 and SPCC are listed in Table 1 . The plate surface subjected to the lap welding was polished using a #1500 water-proof sand paper and then washed with acetone and dried.
The lap joining was performed using a YAG laser beam (HAAS, HL3006D, wave length; 1.06 mm). Figure 1(a) shows the schematic diagram of the present lap joining method. A defocused laser beam (laser power: 3.0 kW, defocus distance (d f ): 20 mm (from focal point to SPCC surface)) was applied on the upper surface of the SPCC plate and the beam was traveled along the longitudinal direction of the lapped plates at a constant speed (2:17 Â 10 À2 mÁs À1 ). A cross-sectional view of the weld region is schematically illustrated in Fig. 1(b) . The molten pool of SPCC exhibited semi-elliptical cross-sectional morphology. When the maximum depth of the molten pool was kept to be around 90% of the plate thickness, accordingly, when the bottom surface of SPCC plate remained being as solid, just the selected area near the upper surface of the A6111 plate was melted to form a semi-elliptical molten pool due to heat conduction from the SPCC. Consequently, the solid SPCC and molten A6111 come in contact at the interface, and, at which, joining was attained by solid-liquid reaction. Characteristics of the weld interface obtained by optical microscope and SEM analysis were as follows. The width and the maximum depth of the molten pool were 3.3 mm and 0.9 mm in SPCC. These were 2.2 mm and 0.3 mm in A6111. The resultant weld interface was covered with a thin layer of Fe-Al base IMC. The width of the IMC layer was 2.2 mm and the thickness was 4.0 mm at the central region and 2.5 mm at the edge region.
Focused ion beam process for TEM specimen preparations
The focused ion beam (FIB) process using a very finely controlled Ga ion beam is useful to fabricate a thin foil of multi-layered materials for TEM observation. We can collect the sample from the exact position where we want to process even if the material consists of multi-layered structure with different chemical, physical and mechanical properties. The FIB facility is incorporated within a scanning ion microscope (SIM). Figure 2 shows the fabricating procedures for a thin foil using a micro-sampling method. A rectangular specimen blunk (1 mm width Â 1 mm thick) was machined from the weld region of the joint using a precision cutter. The specimen blunk was thinned mechanically to a thin plate with thickness of 100 mm using a #1500 waterproof sandpaper. Fig. 2(b) shows the schematic illustration of the microsampling method using Ga ion. The wedge-like specimen was collected from the thinned small plate by digging the material using the focused Ga ion beam as shown in (i) $ (iv). The wedge-like specimen was removed and the FIB traveled on the both surface of the specimen in order to reduce the thickness, as shown in (v) $ (vi). Consequently, the weld interface region including the IMC layer was reduced to a thickness of several decade nanometers, allows TEM observation (vii).
2.3
Observation and characterization of the weld interface Back scattered electron image (BEI) of the weld interface was observed using a scanning electron microscope (SEM, JEOL, JSM-5310, 20 kV). Precise microstructural observation of the IMC layer was made using a transmission electron microscope (TEM) (HITACHI, HD2300, 200 kV). Energy dispersive X-ray (EDX) analysis was also performed in order to examine the chemical composition of the IMCs. Microstructural observation and diffraction pattern analysis of the IMC layer and the re-solidified A6111 region were also carried out using a high voltage and high resolution transmission electron microscope (HVEM) (HITACHI, H1250, 1000 kV). 
Experimental Results
3.1 Interfacial microstructure of the SPCC/A6111 lap joint. Figure 3 is the backscattered electron image (BEI) of the interfacial region of the present joint. This picture corresponds to one of the micrograph (central region of the joint E) in Fig. 7 of the previous paper.
12 ) The upper region with a bright contrast is SPCC and the lower region with a dark contrast is the solidified A6111. The IMC layer with a medium contrast is located between them. The IMC layer is characterized by the wavy surface on the SPCC side and a relatively flat surface including a lot of protruded needle-like IMC crystals on the A6111 side. Careful observation found that there was a thin layered region with a slightly different contrast at the lower part of the IMC layer. Difference in contrast in the IMC layer suggests that the IMC layer is not a single phase at least. Figure 4 shows the TEM bright field image of the weld interface. The present image covers the IMC layer and a part of re-solidified A6111, but SPCC region is not included. It is clearly revealed that the IMC layer consists of a lot of fine granular crystals. The average grain size is less than 500 nm. Needle-like IMC crystals are observed at the IMC/A6111 interface.
Chemical composition analysis of the IMC layer.
A vertical line with round marks and numbers in 12) In the present study, characterization of the IMC grains was performed using electron diffraction pattern method in order to confirm the existence of these IMC phases in the layer. 13)
The TEM micrograph and the electron diffraction pattern taken from the relatively large IMC grain at the central region of the layer are shown in Fig. 6(a) and (b) . As shown in Fig. 6(c , in the case of (c). This is equivalent to the calculated angle of the Fe 3 Al, cubic system. FeAl (B 2 ) and Fe 3 Al (L1 2 ) can coexist since both of them belong to BCC system. It is considered that At the IMC layer/SPCC interface region, a very complicate electron diffraction pattern was obtained as shown in Fig. 8(b) . It is considered that these diffraction spots come from the several different crystals. Careful analysis found that the closest plane is (110) and the next-closest plane is (002). The angle between them is 90 . This is equivalent to the calculated angle ( 4. Discussion 4.1 Grain structure and the constituent IMC crystals of the lap welded SPCC/A6111 interfacial layer. The present TEM-EDX and electron diffraction pattern analysis successfully revealed that the SPCC/A6111 interfacial layer includes not only equilibrium IMC phases such as Al 13 Fe 4 , Al 5 Fe 2 , FeAl and Fe 3 Al but also the non-equilibrium Al 6 Fe phase. The present result confirms the finding by the present authors using the X-ray diffraction analysis. 12) Another new finding of the present study is that the IMC layer consists of various kinds of fine IMC grains with a submicron size in diameter. We could not obtain the detailed information of the IMC layer from the conventional microstructure observations using an optical microscope and SEM.
Characteristics of the Fe-Al base IMCs at the weld interface are the matter of interest, in particular, when the solid steel reacts with the molten pure aluminum or aluminum alloys. According to the Fe-Al binary phasediagram (Fig. 9) , five types of IMCs are possibly formed between Fe and Al. 18) When Fe and Al react under the nonequilibrium condition, nucleation and growth of the limited kind of IMC phases are detectable. Eggeler et al. investigated the reaction between low alloyed steel and pure aluminum melt. 19 tallic layers at the interface of the aluminum-coated lowcarbon steel which was held at 1323 K for 900 s. 21) Kobayashi et al. studied the reactions between structural carbon steel and liquid aluminum of the commercial grade. The intermetallic layer consisting of Al 5 Fe 2 , FeAl and Fe 3 Al intermetallic compounds was detected for the heat-treated specimen at 1323 K for 3.6 ks. In contrast to that, the single layer of Al 5 Fe 2 was detected when the material was heattreated at 873 K for 3.6 ks. 22) These experimental results suggest that the formation manner of the intermetallic compounds was strongly affected by the thermal history during the welding process.
Most of the previous researches mentioned above treated the Fe/Al reaction under the static condition. Formation of the layered structure is common in these studies. The present welding condition is characterized by rapid heating and cooling in the selected local region, and quite different from those previous studies.
Formation manner of IMC grains during the weld-
ing process The formation manner of the present IMC layer at the weld interface is considered as follows. At first, nucleation of Al 13 Fe 4 took place at the solid SPCC and molten A6111 interface. The Al 5 Fe 2 phase was formed on the Al 13 Fe 4 layer and grew toward the SPCC side. On the other hand, Al 13 Fe 4 increased its thickness toward the A6111 and Fe concentration in the molten liquid of A6111 increased gradually. The needle-like Al 13 Fe 4 crystals protruded from the Al 13 Fe 4 layer toward the A6111 region is considered to nucleate on the layer and grow as decreasing the melt temperature. As shown in Fig. 3 , the growth front of the Al 5 Fe 2 is not flat and exhibits quite complicated morphology. There are two equilibrium IMC phases (FeAl and Fe 3 Al) according to AlFe binary phase diagram. Some of them can be grown at the localized region on the irregularly shaped Al 5 Fe 2 growth front, since the SPCC is kept at a relatively high temperature due to its lower thermal conductivity even though the laser beam moved away at a high speed.
One of the non-equilibrium Al-Fe phase, Al 6 Fe, was detected in the IMC layer. Previous researches reported that non-equilibrium Al 6 Fe, Al m Fe and Al 9 Fe 2 phases formed during the rapid solidification process of Al-Fe system. [23] [24] [25] In the present study, Al 6 Fe was detected in the IMC layer close to the IMC/SPCC interface. In general, these non- equilibrium phases were considered to be formed in the solidified structure of the Al-rich melt. However, Yamamoto et al. investigated the interfacial microstructure of the friction-pressure welded Al-Mg aluminum alloy/mild steel joint by TEM and found the Al 6 Fe phase in the intermediate layer close to the IMC/steel interface. 26) Further investigation is required about the formation of Al 6 Fe.
Conclusion
Lap joint of the low carbon steel (SPCC) and aluminum alloy 6111-T4 plates was fabricated using a defocused YAG laser beam. Precise analysis was carried out for the interfacial intermetallic compound (IMC) layer. In addition to the SEM-EDX and XRD analysis in the previous study, further precise investigation using TEM, TEM-EDX and electron diffraction pattern method was performed in the present study.
The IMC layer formed at the weld interface did not show a band-like morphology. The layer consisted of very fine granular crystals. The average size of the grains formed at the interface between IMC layer and the solidified A6111 region was about 500 nm. In contrast, IMC grains formed at the central region of the layer were relatively large. The average grain size is 1 mm, and these grains occupied the greater part of the IMC layer. Both TEM-EDX and electron diffraction pattern analysis confirmed that the former is Al 13 Fe 4 and the latter is Al 5 Fe 2 . Careful observation found the existence of another ultra fine IMC grains at the interface between SPCC and IMC layer. It was revealed that these are FeAl, Fe 3 Al and non-equilibrium Al 6 Fe by the electron diffraction pattern analysis. These experimental results agree with the previous findings of the present authors by using a X-ray diffraction analysis for the IMC layer.
